The purpose of this study was to investigate the hemodynamic effect of variations in the 22 angulations of the left coronary artery, based on simulated and realistic coronary artery 23 models. Twelve models consisting of four realistic and eight simulated coronary artery 24 geometries were generated with the inclusion of left main stem, left anterior descending 25 and left circumflex branches 
Introduction 44
Atherosclerosis is the leading cause of morbidity and mortality in the advanced countries. 45
The causes of atherosclerosis are multifactorial and identification of these factors could 46 allow earlier detection and prevention of the disease. Hemodynamics and vessel 47 7 patients underwent routine CT scanning for clinical diagnosis of coronary artery disease, 90 and only the DICOM images were used for generation of 3D coronary artery images, 91 with patient's details being de-identified, thus there is no ethical issue involved in this 92 study. 93
Generation of simulated left coronary artery models 94
The geometry of a simulated, perpendicular (90°) model was generated based on the 95 anatomical details of LCA and standard dimensions measured based on perform an in-depth study of the relationship between angulation and development of 104 atherosclerosis. Based on the reference model, seven other models were generated by 105 changing the angle between LAD and LCx, these included 15°, 30°, 45°, 60°, 75°, 105°, 106 120°. All baseline models were saved as 'STL format' for producing mesh models. 107 Figure 2 shows variable angles that were simulated in the left coronary artery models. 108
Finally, the merging of side-branches within left main trunk generated sharp edges at the 109 bifurcation regions, which could potentially have an undesirable impact on local flow 110 simulation (He and Ku, 1995). Therefore, gentle B-spline smoothing was applied at the 111 interface between branches and the trunk to reduce any potential non-physical behaviour 112 8 that could be induced by sharp edges. The splitting of flow rate at a symmetric 113 bifurcation is defined by Zheng et al. (2006) and Lou and Yang (1993 
Generation of realistic left coronary artery models 123
The patient 3D LCA models consisting of the ascending aorta, right and left coronary 124 arteries were then imported into a computer-aided design program using Blender version 125 2.48. Four volume models were reconstructed into the surface models, which were then 126 converted into solid models and saved as 'STL format' for generation of CFD mesh 127 models. Figure 3 shows four sample realistic patient left coronary models with variable 128
angulations. The realistic patient bifurcation angles ranged from 58° to 73°, 110°, 120°, 129 respectively.
These patients were selected to reflect the relationship between 130 hemodynamics and angulations in the LCA. In summary, there were a total of twelve 131 models consisting of four patient models and eight simulated models. 132
CFD simulation in the left coronary artery-generation of meshes 133
All of the above models were used to create hexahedral meshes with which to perform 134 the CFD simulations (mesh details are shown in Table 2 ). The meshes were generated9 using ANSYS ICEM CFD version 12 (ANSYS, Inc., Canonsburg, PA, USA), with 136 details having been described in previous studies (Sun and Chaichana 2010; Sun and 137 Chaichana 2009). Finally, the twelve 3D meshes were saved as 'GTM format' for CFD 138 computation. 139
Application of physiological parameters 140
In order to ensure that our analysis reflects the realistic simulation in vivo conditions, 141
realistic physiological boundary conditions were applied for 3D numerical analysis. The 142 transient simulation was performed using accurate hemodynamic rheological and material 143
properties, as described in a previous study (Frauenfelder et al., 2006) . 
Realistic left coronary artery models 215
The analysis of realistic models is consistent with which was observed in the simulated 216 models, showing a direct correlation between hemodynamic effects and the angulation of 217 left coronary models. Figure 9 demonstrates that flow velocity was decreased at 218 bifurcation regions, and a small low-velocity region was observed in the small-angled 219 models, becoming a large separated region in the wide-angled models. 220 WSS was found to be related to blood flow velocity at bifurcating regions. Low WSS 221 was noticed in the bifurcated locations (angles between both left main artery branches 222 and side branches), as shown in Figure 10 . The realistic coronary artery shapes 223 introduced complex wall geometry that directly affected the WSS and wall pressure. 224
However, our analysis showed that the impact on low WSS distributions at the left 225 bifurcation was largely in wide-angled models, and this reflects our similar observations 226 in the simulated models (shown in Figure 6 ). 227 13 Similarly, wall pressure was noticed to change with different angulations of realistic left 228 coronary models. Wall pressure decreased from wide-angled models to narrow-angled 229 models. This is particularly apparent in the model with a 73° angulation when compared 230 to a 120° angulation, as shown in Figure 11 . Again, this is consistent with that observed 231 in the simulated models. 232
The magnitude of temporal WSSG is shown in Figure 12 analysis does. Our analysis showed that the WSSG distribution tends to form a large area 283 of low magnitude at wide-angled models, particularly at the region of bifurcation, while 284 this was not apparent at narrow-angled models, as shown in Figure 8 and Figure 12 . 285 Consequently, the wide-angled bifurcations at left coronary artery may have a higher 286 possibility to promote the atherosclerotic formation and progression than the narrow-287 angled bifurcations. 288
There are some limitations in our study which should be addressed. Firstly, the simulated 289 and realistic left coronary models were assumed to have a rigid wall rather than elastic 290 wall, therefore, the simulation does not fully reflect the realistic physiological situation as 291 coronary wall moves during cardiac cycles. Secondly, no pathological changes such as 292 presence of plaques or coronary stenosis were simulated in this study, since our focus was 293 simply to investigate the relationship between angulation and hemodynamic changes. with representation of these coronary artery branches is limited for computational fluid 304 dynamics analysis. Only four selected CT cases were included in this study, which limits 305 our analysis. Although no significant coronary stenosis is demonstrated on these CT 306 images, potential atherosclerotic changes in the coronary artery tree cannot be excluded, 307
given the fact that these patients are at high risk of developing atherosclerosis. However, 308 the representative angles in these cases reflected the ranges from normal to abnormal 309 coronary arteries, thus, this limitation can be compensated for to some extent. Finally, 310 although the geometry of simulated coronary models were based on patient's anatomical 311 details, there are still inadequacies in the representation of realistic geometry, as most of 312 the coronary arteries, especially at the left bifurcation follow a curved, as opposed to a 313 straight path. Thus, future studies will use coronary models with a more realistic 314 idealised geometry. 315
In conclusion, we studied the effect of various angulations of the left coronary artery on 316 hemodynamics, based on simulated and realistic coronary models. There is a direct 317 relationship between wide angulation in the left coronary bifurcation and hemodynamic 318 changes such as disturbed flow and low wall shear stress and wall shear stress gradient, 319 indicating the possible inducement of atherosclerosis. Further studies including patients 320 with different risk factors or severity of coronary artery disease should be performed to 321 verify our results. 322 323
